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19. Abstract (continued)

Is sufficient to compensate for the degradation of both the rapidly turned over ACh ieceptors
and tNe stable ACh receptors at the neuromuscular junction.

2) Rapidly turned over AChRs serve as precursom for the stable AChR% at the neuromuscular
junction.

3J The motov nerve plays a key role in the process of stabilization of junctional AChRs.
Denervation results In a rapid i•ycrJase ni ene f o tt -%ubunft of th* AOiR

(mRNA-40hR).
5) Botullnum toxti, which blocks aartAl release of ACh, results in a dwwrvation-like

inc-ease In wA::A-AChR; however, this increast is less marked than that which results from
surgical dmnervation. We surmise that both €tantal and non-quantal ACh transmission my be
involved in the regulation of PRNA-AChR.

6) AOl transmission plays a role In maintenace of stability of junctional AChRs.
Blockade of quantal Ad. release by botullruC toxin results in a denervation-lit. acceleration
of loss of pre-existing stable AChRs. This effect occurs later than that of surgical
denervation, suggesting that both qJuantal and non-quantal ACh transmission may be involved in
the nerve's rMulation Of AC;hR stability.

These findings are leading to an understanding of the turnover of AChRs at the
neuromuscular junction. From the military point of view, they provide important Information
regarding the recovery of blocked or damaged neuromuscular junctions.
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Foreword

In conducting the research described in this report, the investigators adhered to

the "Guide for the Care and Use ot Laboratory Animals," prepared by the Committee

on Care and Use of Laboratory Animals of the Institute of Laboratory Animal

Resources, National Research Council (DHHS Publication No. (NIH) 86-23, Revised
1985).
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I. 1. Introduction:

As described in our original proposal, the major goal of this
investigation is to learn more about the mechanism, that regulate the synthesis
and turnover of junctional and extrajunctional acetylcholine receptors (AChRs).
During the past year, we have made significant progress in mony aspects of these
studies. The results of these are detailed in II. Progress. Our findings,
detailed in Section II indicate the following:

a. Junctional AChRs are rapidly synthesized.

b. The rapidly turned over junctional AChRs (RTOs) - precursors of the
stable junctional AChRs.

c. The motor nerve plays an important role in "stabilizingo a propartion
of the RTOs, converting them to the staole form.

d. ACh transmission plays a role in maintenance of stability of junctional
AChRs.

e. We have acquired cDNA probes for several subunits of the AChP, and are
using them in studies of AChR turnover.

f. Preliminary evidence indicates that ACh transmission plays a key role
in regulating transcription of the WNAs for the AChR subunits.

g. We have published results indicating that several cations (lithium,
calcium, sodium) down-regulate the synthesis of AChRs in a skeletal muscle cell
culture model.

2. Brief Restatement of Overall Research Problem aad Rationale

Both the distribution and turnover of acetylcholine receptors (AChRs) of
mammlian skeletal musclei are regulated to a large extent by the motor nerves.
In innervated muscles, AChRs are localized almost exclusivoly at neuromuscular
junctions (Axelsson and Thesleff, 1959; Kiledi, 1960, Albuquerque et al., 1974;
Fertuck and Salpetor, 1974; Kuffler and Yoshikami, 1975). Following
denervation, a great increase of extrajunctional AChRs occurrs (Miledi, 1960;
Miledi and Potter, 1971; Lee, 1972; Chang et al., 1975; Hertzell and Fambrough,
1972; Pestronk et al., 1976a,b), presumably due to increased synthesis of AChMs
(Fambrough, 1970; Grampp et al., 1972; Brockes and Hall, 1975b; Devreotes and
Fambrough, 1976), resulting from increased transcription of the appropriate mRNAs
(Mlrlie et al., 1964; Goldman et al., 1985).

Junctional ACh Receptors:

AChRs of neuromuscular junctions differ in many respects frcA
extraejnctional AChRs. They are densely packed, located mainly at the peaks of
post-Junctional folds (Pbthews-Bellinger and Salpeter, 1978). They differ
physiological ly, physicochmmically and imunologically from extrajunctional AChRs
(Brockes and Hall, 1975a; Lindstrom et al., 1976; Neher sod Sakmmnn, 1976;



-5-

Sakmann and Brenner, 1978; Schuetze and Fishbach, 1978; Weinberg and Hall, :979;
Dwyer et al., 1981; Brenner and Sakmann, 1983) (as described in the original
proposal).

One of the mostimportant characteristics of junctional AChRs, which Is a
major focus of this research, is their metabolic stabili!t, with a half-life
previously reported to be between 6 and 13 days (in rodents) (Berg and Hall,
1975; Chang and luang, 1975; Stanley and Drachman, 1978; Linden and Fambrough,
1979; Bevan and Steinbach, 1983). Wb have recently reported that the AChRs at
innervated neurrmuscular junctions are actually comprised of tio subeopulatons
with strikingly different rates of turnover (Stanley and Oracm.n, 1,831a, 19ET.
the majority of junctional AChRs are stable, with a half-life of 11 to 12 days.
The remainder, which we now estimate Fobe N20 to 251 of the total, are rapidly
turned over (RTOs) with a half-life of approximately I dq• This findinig-i-f
based on our detailed analyses of degradation curves of MI-labeled AChRs,
using an in vivo mouse model (Stanley and Drachman 1983a, 1987). This result,
which we Uvi-Ipeatedly confirmed in the course of our sbsequet studies
described below, leads to several conclusions and predictims:

First, it oredicts that the rate of synthesis and insertion of Junctional
AChRs should be more rapid than preivously estimated, in orrto replace the
rapidly degraded AChRs.

Second, this may explain the rapid recovery from certain neuropara1ytic
toxins. Recovery from irreversible AChR blocking agents (such as ix-bungarotoxin
rc(-iTx)) is known to occur far more quickly than would be etpetad on the basis
of dissociation of the toxin.

Third, it sugoests that the turnover of RTOs alone accomts for the majority
of the overall Junctional receptor turnover. Although te population of rapidly
turred over AChft is only 20 to 25% of the total AthR pop•lation, its rate of
turnovwr Is 10 times as rapid as the rate for tha stable A~ts.

Fourth, and perhaps most signif'cantly, the rapidly frded (RTO)
subpopulation of Junctiornal AChRs appear to be precursors ofithe stable AChRs.

Our progress to date (see below Section Il-Tasks 1,2,3) strongly supports:
a) the rapid synthesis of junctional AChRs (Ramy and Drachman, 1988)
b) the concept that the RTOs are converted to stable AChRs

Neural control of junctional ACh receptUrs:

There is abundant evidence that many of the prolertiesf junoctional AChNs
are regulated to a large extent by the motor nerves (Salpeter and Loring, 1986;
Schuetze and Role, 1967). For example, the 4onic channel properties of short
open times and high tonic conductances are dependtnt on motor itrervation (Neh-.,
and Salman 1976; Saamna and Brenner, 1978; Schuetze and FIsblbich 1978; Schuetze
et al., 1978; Sellin, 1961; Brenner, 1963). Clmstering of A~dAs occurs at the
site of contact betwen the motor nerve endings and the mcle cell mobrane
(Takeuchi, 1963; Anderson and Cohen, 1977; Beven and SteiUadcb, 1977; Burden,
1977; Reiness and Weinberg, 1961). Some nerve-induced modiffcation of the
mmnbrane (possibly the basement mubrane) is thought to detamtne the high



density accumulation of AChRs at this site (Burden at al., 1979). Stability of
cunctoonal AChRs is also dependent on the motor nerve. Both the inttial

a earance of stable AChRs during development (Burden, 1977; Reit'si an'd
We nberg, 1981), and the continued maintenance of AChR stability (Chang and
Huang, 1975; 9evan and Steinbach, 1977; Brett arnd Younkin, 1979; Levitt and
Salpeter, 1981; Stanley and Drachman, 1981) require some influefice of the motor
nerve.

One of our majo. results during the past year has been the experimental
demonstration that the motor nerve "stabilizes" a proportion of the rapidly
turned over Junctional AChRs, converting them to the stable form (see Progresy,
Section 11, Task 2).

Little is presently known about the mechanisms by which these changes in
Junctional AChRs are brought about. There is some evidence that the initial
localization of the nerve-muscle Junction and clustering of AChRs involve nerve-
muscle contact, rather than neurotransmission (Steinbach et al., 19751. On the
other hand, normal channel properties of Junctional AChRs may require ACh
transmission (Sellin and Thesleff, 1981). One of the hypotheses that we are
testing in these studies is that ACh transmission may have a role In the initial
stabilization and the maintenance of stability of AChRs at the neurouscular
' unction.

We now have preliminary evidence suggestiwg that ACh transmission plays a
role in maintenance of stability of Junctional AChRs (see Section II, Task 7).

Extrajunctional ACh Receptors:

In normlly innervated muscles, the density of AChRs at extrajunctional
regions is very low -- typically lesa than 20 a-BuTx bitding st. per w2 fqr
the soleus muscles of rodents (Pestronk et al., 1976a,b: Fambrough, 1979).
Howver, the density of extrajunctional AChRs is increased in skeletal muscle
cells that lack innervation (imature, or denervated mature muscle) (Axelsson and
Thesleff, 1959; Niledi. 1960; Miledi and Potter 1971; Dimond and Waledi, 1962;
Dryden, 1970; Famrough and Rash 1971; Let, 1972; Letinsky, 1975; Pestronk et
al., 1976ab; Bevan and Steinbach, 1977; Drachman et al., 1984). The high
density of extrajuiict onal AChRs in these situations is thought to be due to a
high rate of receptor synthesis (Fambrough, 1970; 6rampp et al.. 1972; Brockes
and Hall, 1975b; Devreotes and Fabrough, 1976). Rectnt evidence indicates that
there Is a high rate of transcription of the genes for the various subunits of
AChR, resulting in increased amounts nf the appropriate OMlAs In denecrvted
iui'le (Nerlie et al., 1984; Goldmn et al., 1985). cONA probes are now
availsble for these eAUs (Narlie et 4l., 1983; LaPolla et al., 1984; Doulter et
al., 1965).

We have ade progress In acquiring cDNA probes for the £-, 0-, and delta-
subunits, and are using them as sensitive and particularly relevant probes In our
studies of AChR turnovor (sto Section II-Task 4).

Meural Control of Ext••junctional ACh Receptors:

It Is clear that the motor Innervation plays a dominant role in regulating

II
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the synthesis of extrajunctional AChRs (see above, and Edwards, 1Q79; Fambrough,
1979). The questions of a) how the nerve's influer.ce F. mediated, and b) how the
message is translated at the level of the muscle cell have been subjects of
intense Interest, ana are addressed in our studies (see Progress). We have
previnusly demonstrated the critical role of ACh transmission from the motor
nerve in mediating the nerve's Otrophic" influence in regulating expi-ession of
extraunctional AChRs. All 3 forms of ACh release -- impulse dependent,
spontanecus quantal, and spontaneous non-quantal -- appear to contribute to this
effect (Orachuan et al., 1982). Heretofore, the key evidence for the role of
AChR has been derived from experiments In which pharmacological agents have been
used to Mock the various forms of ACh transmission, and the nmber of surface
AChRs has been measured by 12 5 I-a-BuTx binding. ohe availability of the new cDNA
probes for AChR tYONAs greatly improves our ability to determine the mechanisms of
AChR regulation, because: 1) changes in aRNA occur much earlier than changes in
the surface AChRs; and 2) the changes in the appropriate W ;ippear to reflect
the regulatory influences more dfrectly.

During the past year. we have made progress in these studies suggesting that
ACh transmission plays a key role in requlating transcriptioa of these mRNAs (see
Section 11, Task 4). Since this methnd provides a rpid indication of the
nerve's regulatory Influence, it should allow us to o--in more direct answers to
these critical questions of neural regulation of AChRs.

At the level of the muscle cell, there is now a growing body of evidence
that various cations may have important regulatory effects on the metabolism of
ACh receptors of skeletal muscles.

During the past year, we have published the results of studies showing that
several cations (lithium, calcium, s-otumi) own-regulate the synthesis of AChRs
in a skeletal muscle :e.l culture model (Pestronk and Crachma, 1987). We have
now begun to use the cDMA probes to study the regulation of ACMA synthesis in themuscle cell cuitere system. Or pre1imimry findings suggest that innervation-
like effects can be produced in this system by: a) cholinergic agonists; b)
various cations; and c) phorbol esters (see Progress, Section 1I-Task 4).

11. Progress (8/1/86 - 7/31/87)

Overall Progress

During the past year we have made excellent progress in our studies of
regulation of AChRs in skeletal muscle. We are keeping up well with the
anticipated timetable. We have completed studies supporting several of the
central features of our hypothesis of neurally regulated stabilization of rapidly
turning over AChRs at the neuromuscular junction. Furthermore, we are applying
newer Mthods of molecular biolpgy and mmunochetistry, which are yielding
important information regardting-1e fundamental gojalsof this project.

Task 1. To determine the time course of new AChR synthesis and insertion.

During the past year, we have completed the remaining experiments in this
project, prepared a manuscript, and submitted it for publication (Ramsay et al.,
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in press).

This study is based on the idea that in order to maintain a constant number
of AChRs at the neuromuscular junction, the rapidly degraded AChRs (RTOs) must be
replaced at a correspondingly rapid rate, much faster than previously supposed.
This study was Jesigned to evaluate the rate of synthesis and insertion of
junctional AChRs after irreversible blockade of pre-exising AChRs with G-BuTx.
During the initial year of this contract, we carried out several part; of this
study:

We found that the synthesis and insertion of junctional AChRs was initially
extremely rapid; by 24 hours, 16% of the junctional AChRs had been synthesized
and inserted, while 28% were present at 48 hours. The remainder of the time
curve was slower, as predicted by our previous studies of degradation of AChRs.

Control experiments showed that this rapid reappearance of c-BuTx binding
sites could not be attributed to nun-binding" of cx-BuTx so as to reexpose the
original sites.

In order to complete this study, we have carried out two additional series
of experiments during the year Just ended (1986-87):

1) Degradation of junctional AChRs in the sternomastoid (SM) muscle of the
mouse (Fig. 1).

Our previous studies of AChR degradation had been carried out in the
diaphragm of the mouse. The synthesis experiments summarized above required a
muscle (a) that could be comletely blocked with a-BuTx, and (b) in which the
junctional AChRs formed a discrete band suitable for dissectlon and wasurewent.
For these reasons, we used the sternomastoid muscle. It was therefore aecessa$y
to ascertain whether the sternomastold (SM) muscle showed a patttrn of
degradation of RTOs and stable junctional AChRs similar to that
previously found in the diaphragm. We have now carried out studies of
degradation of AChRs in the sternomastoid muscles, as follows:

Methods

12 5 I-a-BuTx (1.4 iJg in 10 ul) was injected into the left SM muscles of
123 female Swiss mice. (Note that a slightly larger amount of labeled a-BuTx was
YndI for AChR saturation because of possible inactivation of a frraction of the

I-a-BuTx during the iodination procedure.) At various Limes, from 3 hours to
19 days after labeling, groups of 6 to 17 mice were killed, and the left SN
muscles removed. Care was taken to wash the muscles free of any unbound
radioactivity: The muscle was flushed by injecting 0.2 ml of wash medium, and
was then rinsed repeatedly until no further radioactivity was detected in the
wash medium. End-plate specific radioactivity was then determined as previously
described (Stanley and Orachman, 1983a, 1987).

The time point 3 hours after labeling was taken as *zero time." All
subsequent counts bore expressed as a fraction of the total end-plate counts
present at the ze ,, time, and the means were plotted on a log scale against time.
Ltraight lines were fitted to the points by the method of least square.s, and
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half-lives of AChRs were calculated from their slopes, as previously described
(Stanley and Drachman, 1983a, 1981, 1987).

Results:

The degradation curve (Fig. 1) showed an initial rapid loss of radiolabel
during the first three to four days, followed by a much slower conseant rate of
loss thereafter. This indicated the presence of 2 classes of receptors - i.e. -
RTOs and stable AChRs - in the SN muscle. The half life of the stable AChRs was
10.6 days. The calculated half-life of the RTOs was 18.05 hrs (Fig. . Inset).
These findings, which are closely similar to those in the diaphragm, confirmed
that the SM muscle has a subpopulation of Junct;onal AChRs that are rapidly
degraded as well as the population of stable AChRs.

2) Effect of Q-BuJTx injection on the number of Junctional AChRs.

Since the method used to measure newly synthesized and inserted AChRs
entails preliminary blockade by a-8uTx, we tested the possibility that the
blockade procedure itself might induce a change in the nuber 2f Junctional
AChRs. For this purpose, the initial injection consisted of 1I51-labeled a-BuTx
to block as well as label the AChRs in 4H muscles of 13 nice. The SH muscles of
thesie--Tce were relab-eTled after 24 hours or 48 hours by reinjection with 2 I.a.
BuTx, and a group of controls were also labeled. After 6 hours, the SM muscles
were removed, thoroughly washed for 48 hours, and the end-plate specific
radioactivity determined as described above. There was no significant difference
(p > 0.1) in the amour.t of bound radioactivity in the BhTxlocked muscles, as
compared with the controls (controls, 89.1 fegtomoles of LUI.4.8uTx/ muscle ±
3.3 (SEM); 24 hours, 82.2 t 5.3; 48 hours 95.3 1 3,8) iWich indicates that *-RuTx
blockade does not induce a change in the nmber of _ so

Interpretation:

The results of this study show that synthesis and insertion of
Junctional AChRs is appropriately rapid to compensate for the degradation of both
the RTOs and the stable AChRs at the neuromuscular junction. New receptors are
inserted at the rate of 16% within 24 hours and 28% at 48 hours. This is
significantly faster than the rate needed to replace the stable AChRs alone,
which would require replacement of only 5.5% of the total receptor population
during the first day.

This finding of rapid appearance of a subpopelation of AChRs at
neuromuscular junctions is consistent with previous reports from this laboratory
(Stanley and Drachman, 1983a, 1987) and others (Bevn aMnd Steinbach, 1983) of
rapid degradation of 3 subpopulation of Junctional AChfs in the diaphragm. Since
the present experiments required the sternomastoid muscle, ve have now studied
the pattern of degradation of AChRs in the sternomustoid as described above, and
shown that it closely parallels that of the diaphragm. We hate also carried out
control experiments which showed: a) that the initial lujoctlop of t-BuTx totally
blocke Pre-ex1isting AChRs; b) that *un-bindingm of toxin could not account for
the rapid reappearance of u-BuTx binding sites; c) that blockade of the AChRs per
so could not ,nduce an increase in Junctional AChRs.
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The evidence thus indicates that new AChRs are rapidly synthesized and
inserted into the neuromuscular junction, sufficient to replace those lost by
both rapid and slow degradation. This confirms the concept of two subpopulations
of AChRs at the normal innervated neuromuscular Junction.

We have presented evidence elsewhere that a proportion of the RTOs
serve as precursors for the stable AChRs at the neuromuscular Junction (Stanley
and Drachman 1983b,1987 and tasks 2 and 3.) Further, the stabilization process
requires some influence of the motor nerve. It will be Important to deterei;n
(a) the mechanism by which the motor nerve converts RTOs to stable AChRI, and (b)
the biochemical or structural differences between RTOs and stable AChRs.

Task 2. To determine whether denervation prevents post-insertional
stabilization of junctional AChRs.

We have postulated that the RTOs are precursors of stable receptors at
the neuromuscular Junction, and that the stabilization process depends on some
influence of the motor nerve (Stanley and Drachman, 1983b). In this study, we
have tested this hypothesis in the mouse sternomastoid muscle by: 1) labeling
junctional ACh receptors with 1 -5I-a-BuTx: 2) denervating the SM muscle: 3)
following the fate of the RTOs through a 6 day period when they were either
degraded or converted to stable ACh receptors.

Our hypothesis predicts that denervation should prevent the Zonversion
of RTOs to stable receptors, and would therefore result in 3 deficit in the
number of stable ACURs in the denervated muscles as compareJwth the innervated
muscles. Our results as described below strongly support this hypothesis (Fig.
2, Table 1).

Kethods:

1. Labeling of junctional AChRs with *enhanced populations of RTOs."

As noted previously, the RTO subpopulation normally constitutes only a
relatively small fraction (approximately 15%) of the total AChR population at the
neuromuscular Junction. In order to detect changes in stabilization of these
AChRs, it is helpful to follow a population with an enhanced proportion of
labeled RTOs. For this purpose, the SN muscles of 20-25 gram female Siss mice
were injected with 0.75 pg a-BuTx, to block all pre-existing AChRs. Seven days
later, the "new" AChRs are labeled with 1251-a-BuTx. At that time approxitmately
30% of the AChRs in this pool are RTOs.

2. Unilateral Denirvation; measurement of stabilization of AChRs.

Three separate series of experiments involving 135 m;ce were used for this
experiment. The SM muscles were bilaterally blocked with x-BuTx, as above, to
produce enhanced populations of RTOs.

6 days later, the left SM muscles in all mice were denervated surgically.
24 hours later (in order to allow the effect of denigation to take place)

the SH muscles were bilaterally labeled by injection of LZ•I-a-BuTx.
Groups of mice were killed,-T-F-6-rs after labeling, and then at daily



intervals for 5 days. Both SM muscles were removed from each animal, and
erdplate-specifiec radioactivity was measured as previously described (Stanley and
Drachman, 1983a, 1987)

Results:

The results are presented in Fig. 2 and Table 1.

The major finding of this study is that denervation resulted in a
significant deficit of AChRs that occurred promptly in the muscles with a mixed
population of RT~s and stabl AOhRs. The deficit, which is attributed to failure
of stabilization of AChRs, was 6.6% by 1 day after labeling (2 days post-
denervation), and increased to 10.4% by 4 days after labeling (5 diys post-
denervati on).

Control experiments described below show that the denervation-induced AChR
dleficit cannot be attributed either to a) asymetry of mwin SM muscles, ov to b)
accelerated loss of stable AChRs per se.

Control Experiments

a) Syummetry of SM muscles:

Methods: Since the results of the above experiments are based ont
compari-sons of the left (denervated) and right (innervated) SN muscles in the
experi~*ntal female Swiss mice, it was important to determine wh'ether there is a
consistent discrepancy or significant variability in the numbers of junctional
AChRs in the paired (left and right) muscles of the mice. We therefore labeled
junctional AChRs with 'enhanced popul~atioiss of KTOs," exactly as in the
experimental group, but thie muscles were not denervated. Tho@ radiasctivity bmund
to junctional AChRs was mesrd as ove, ano the r~o ef radioactivity bound
to the left/right S14Mmusclesexpressed as a percentage.

Results: The results showed that there was Po consistent difference between
the n~iGOerf junctional AChRs in the left and right SM muscles (see Fig. 2 and
Table 1).

b) Effect of denervation on stable AChRs: Denervatlon caases acceleration of
degradation of stable junctional AXhRS, but this does not occur until after a
latent eriod. Since the present expariment follows the fate of AChRs-duri-ng a 6
lay ei odii after denervation, an important control Is to evaluate the effect of
denervation on the turnover of stable AChRs, during the 6 day period.

Methods: Lal~eling of stable AChRs: AChRs are first labeled by injection of
125y1jgjMM7. By the end of 6 days (i.e. - >6 half-lives), the number of labeled
ATOs remaining is negligible (2). The labeled ACbRs thee consist entirely of the
stable subpopulation.

At this time (II.e. - 5 days after labeling), the left SN muscle was
surgically denervated. Groups of mice were killed at I ntervals of 3 hours to 7
days later. The radioactivity bound to their junctional AChRs was measured as
above, and the ratio of radioactivity bound to the left/right SM muscles
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expressed as a percentage.

Results: The results showed no deficit of stable AChRs in the denervated SM
muscle, as compared to the innervated side, during the first 5 days after
denervation. However, on the 6th day, the degradation rate increased, and a
significant deficit of AChRs then appeared in the denervated SM muscle. These
results show that the ea.-ly deficit of AChRs seen in the experimental group
(above) cannot be attrltii•d to loss of stable AChRs.

Statistics:

Because of the crucial importance of this experiment, and our anticipation
that the differences might be relatively small, we used: a) large numbers of
animals in each group; b) sever3l methods of parametric and non-parametric
analysis, including the Wilcoxon rapked pairs test, the Mann-Whitney U test (one
tailed), analysis of variance, and analysis of covariance. We thus compared
groups on each individual day of the experiment, and also compared trends of the
curves generated by the experimental and control experiments.

The results of statistical calculations showed that the differences between
denervated and non-denervated muscles were highly significant (p < 0.002) for tCe
experimental group at all time points from 1 oay after labeling through 5 days.
By contrast, none of the control groups except the 6 day post-denervation stable
AChRs showed significant differences between left and right muscles.

Analysis of variance showed a highly significant difference between the
experimental and each of the two control groups (p < 0.01).

Analysis of covariance showed a highl y significant difference between the
experimental curve and each of the control curves (p < 0.002).

Interpretation:

We have postulated that the RTOs are precursors of the stable Junctional
receptnrs, and that the stabilization process depends on an influence from the
motor nerve. Our hypothesis predicts that denervation should prevent the
stabilization of RTOs, and thus result In a deficit of stable ACh receptors at
the neuromuscular Junction.

The results of the present experments strongly support this interpretation.
At the time of dmnervation, and at the time of labeling the AChRs, there was no
difference In the number of AChRs In the SM muscles of large groups of mice.
However, by 24 hours later, there was a significant deficit on the denervated
side, wh;ch increased over the course of the next 4 days. This deficit is
attributable to failure of conversion of RTOs to stable receptors.

The deficit cannot be accounted for by rapid loss of the Iv,-existing stable
receptors, since our control experiments showed that acceleration of degradation
of stable AChRs does not begin until 6 days after denervation---much later than
the appearance of the deficit. We also ruled out a trivial artifact of asymetry
of mouse SM muscles to explain the deficit on the loft side.

Thus, our results strongly support the "ypothesis that the RTOs are

S/
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precursors for the stable receptors, and that an intact motor nerve supply is
necessary for their conversion to stable receptors. This concept has certain
interesting implications regarding the normal biology and pathogenesis of
disorders of tht neuromuscular junction. From the milita r Z oint of view
this haz important application to recovery- from toxic inactivation of AChRs.

1. The present findings are consistent with previous evidence that motor
innervation plays an important rol:' in the stabilization process. During
development, AChRs are not stabilized prior to innervation of skeletal muscle
(Schuetzt, and Role, 1987). After denervation, the degradation rate of pre-
existing stable receptors accelerates (Stanley and Drachman 1981; Bevan and
Steinbach, 1983; Silpeter and Loring, 1985; Schuetze and Role, 1987).

2. The stabilizing action of the motor nerve must be rapid. In the
denervated muscles, the majority of the receptor deficit is apparent by 24 hours.

3. The mechanism by which the motor nerve conveys Its stabilizing influence
remains to be determined. One of the goals of this project is to study how the
motor nerve stabilizes junctional AChRs. Elsewhere in this anual report (see
task 7) we present preliminary evidence that ACh transmission may be involved In
the maintenance of stability of junctional AChRs.

4. The differences between rapidly and slowly turned-over AChRs have as yet
been defined only in terms of their metabolic stability. Undoubtedly this must
reflect some critical biochesical or structural differences between the two types
of receptors. Possible changes that might stabilize AChRs include chemical
modifications of the AChR molecules (for example by phosphorylation, acylation
or methylation); attachment of AChRs to cytoskeletal elements; alterations of the
surrounding microenvironment of the synaptic membrane; or localization of the
stable AChRs to a region of the membrane that turns over slowly (Salpeter and
Loring, 1985).

S. The present finidins, together with the results presekted previously
(Stanley and Drachmn, 1987) suggest that stabilization of AChfs at the
neuromscular junction occurs after transcription, translatiom, and insertion of
the AChR molecules. RTOs and s-abWe receptors would therefore have a comon
origin, and it would be unnecessary to postulate the synthesis of two different
species of AChR molecules at mature innervated neuromscular junctions. (This
point should not be confused with recent evidence which suggests that
extraJunctional AChRs in immature muscles may have a different subunit
composition (Mishlna et al., 1986).)

6. From a teleological point of view, the conversion of ETOs to stable
AChRs has several advantages. The fact that RTOs are continuously being replaced
at a rapid rate affords considerable protection against loss of AChRs from
whatever cause. This rapid turnover can account For the observation that
recovery from blockade of AChRs with irreversible blocking agents such as u-BuTx
occurs more quickly than expected. If all the AChRs were turned over slowly with
a half life of the stable AChRs, it would take approximately 6 days to recover
the 25 to 301 that are required to maintain synaptic transmission. The rapid
turnover of a sizeable subpopulation of RTOs results in recovery of neuromscular
transmission within 2 to 3 days, consistent with experimental observations.
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7. The fact that the majority of junctional receptors are stable, and turn
over at a slow rate is also advantageous to the economy of the muscle cell. If
all the junctional AChRs turned over at the rapid rate of MTus, It would greatly
increase the resources expended in maintaining the complement of AChRs.

Summnaey:

The results of our studies to date suggest a working concept of the turnover
of junctional AChRs that we have illustrated in cartoon form in Figure 3. A
single molecular species of AChRs is syrthesized and inserted at the
neuromuscular junction, representing the pool of RTOs. The large majority of
RTOs are lost through rapid degradation. A fraction of RTOs are modified to
become stable AChRs. This Ostabilizationm process requires some action of the
motor nerve. Thus, the neuromuscular junction contains both RTOs and stable
AChRs, but all the receptors originate as RTOs. The completion of this project
has represented a major coamitment during the past year. We are now in the
process of writing a definitive paper on it, and plan to incorporate these
fTidings in our proposed mathematical model of junctional AChR kinetics.

Task 3: To determine whether depletion of rapidly turning over AChRs results in
a de.ficit of stable ACMRs.

This project was completed last year, and a publication (Stanley and
Drachean, 1987) is in press:

Task 4 (Objective II): To determine the effects of cations on A.'hR metabolism in
vitro.

uring qth first year of this project, we carried out a study of the effects
of the cations lithium, calcium and sodium on the metabolism of extrajunctional
ACh2s, using a rat skeletal muscle tissue culture system. Our findings showed
that each of the caticts reduced the qlQarent "synthesise of extrajunctional
AChRs in this system, as measured by 11ri-a-BuTx binding. These findings have
now been published (Pestronk and Draclman, 1987).

Task 4a: Use of cONA Probes to Study Regulation of Extrajunctional AChR
Syrthesis: Measurement of messenger R'As for Receptors.

During the past few years, cDMA probes have become available for the RNA
messages for most of the subunits of AChRs of several species (Merlie et &l.,
1983; LaPolla at &l., 1984; Boulter at &l., 1985; Mishina at &l., 1986). These
powerful tools enable one to estimate the amount of the relevant mKNA directly,
by hybridization techniques (Merlie at al., 1984; Goldman at &l., 1985). They
have major advantages in studying certain aspects of regulation of AChR
synthesis, including:

a) Changes in message levels occur prwmptly. ell before changes in
surface AChRs, thus facilitating experlemnts tha can only be carried out on a
short term basis.

b) The changes in appropriate ideas are thought to be closer to the level
at which regulation of synthesis of AChRs takes place, as compared with the more
remote and indirect effect of change In the amount of AChR expressed on the
surface membrane.
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Because of these important conceptual and practical advantages, we have
devoted a major effort to acquiring the technology and skills for preparing and
using cDNA probes for rodent AChR. We are applying these methods to two projects
that are directly germane to the goals of this contract - i.e., understanding the
mechanisms of mulation of AChRs:

1) The role of ACh transmission in the regulation of extrajunctional AChR
synthesis, in vivo.

2) Tfie r-oe of cations, messengsr, and neurotransaitters in the
regulation of AChR synthesis, in vitro.

Methods:

RNA extraction from whole skeletal muscle - Total RNA Is extracted from
skeletal muscle by the following procedure: the muscle is minced, and
homogenized in 30 vols of 50 mM Tris, pH 7.5, - 100 ml NaCl - 5 dl EDTA - 1% SDS,
with a Brinkman polytror at setting #5 for 3 10-second intervals. Proteinase K
is then added at a final concentration of 250 pg/ml, and the mixture incubated
for 60-90 minutes at 37°C. It is then extracted twice with phenolchloroform,
1:1, washed twice, with chloroform, and RNA is precipitated by the addition of
1/10 vol 3M NaAcetate and 2.2 volumes ethanol at -200C overnight. The RNA pellet
is dissolved in water, and the concentration measured spectrophotometrically at

OD 260, with the reference value of 00 1.0 - 40 pg/ml.

RNA extraction from cultured cells - 60 - dishes are washed twice with PBS,
and cells are scraped off the dish with a rubber policeman. 5 dishes are pooled,
and cells collected by centrifugation. They are resuspended in lysis buffer
(0.14 N MmCI; 1.5 rl MgCl 2 ; 10 mii Tris, pH 8.6; 0.51 Tritan-x-100; 10 mi
vanadyl-ribonucleoside complexes) on ice for 5-10 minutes, then centrifuged. The
supernatant is removed, and incubated with an equal volume of 0.9 N Tris, pH 7.5;
25 Wl EDTA; 0.3 N NatJl; 2% SDS, and 250 !ig/ml Protetinae K for 30 minutes at
370C. The remaining steps are the same as for skeletal rescle.

Prepration of mRNA: P&RNA it lutted fvo- poly-oligo-J (T) c•lumas as
described ({Mniatis et al., 1962), and uantitated spectrophotamtrically. -I

RUA agarose ge!l electrophoresis and Northern blotting: Total RA (5-10 pg)
or NRNA (0.1-0.5 pg) Is denatured in a fornamide-formalderd-eW solution and
applied to a 1.5% agarose-6% formaldehyde gel. After electrophoresis is
completed, the gel is marked, and overlaid with a piece of nitrocellulose paper.
Transfer is carried out as described (Maniatis et al.. 1982). The nitrocellulose
Is air dried, then heated at 80*C for 2 hrs, and stored.

Preparation of "Slot Blots": Slot blots can be used for measurement of
specific •AS, provided that te cDNA probe being used is know to bind only to
a single bond of RN on gel electrophoresis. We first established on Northern
blots of agarose gels that the cONA probe for the c-subunit of AChR binds only to
one band of RNA from innervated and denervated skeletal muscles, andmscle cell
cu Lures (Fig. 4).

Slot blotting has maty advantages over Northern blots for our experiments:
a) Slot blots require 10 to 100-Uol1 less RN than for Northe blots; b) binding
of RNA in this system is far more efficient (quantitative) as compared to
Northern blots; c) more samples can be run simultan*osly (72 vs 20 for

'.-
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Northerns), thus permitting reliable intra-experiment comparisons.
Total RNA (1 mg) is denatured in a formamide - fornaldehyde solution, and

applied to a well of an S&S wMinifold, slot blotting apparatus into which a
nitrocellulose filter is inserted. The well is rinsed with buffer three times,
and then the nitrocellulose filter is removed, air driad for 1 hour at room
temperature, then heated to 80% for 2 hours and stored.

Preparation of labeled eDNA: A cDNA clone for the 2-subunit of the
acetylchioline receptor was obtained as an M13 insert from Dr. J. Merlie of the
Washington University School of Medicine. JM 103 cultures are transfected with
this DNA. Total DNA is extracted, and the RF form of M13 is isolat-d by cesium
chloride centrifugation, to be labeled by nic!. translation.

Nick translation: The double stranded insert containing the cDNA for the
AChR subunit was excised from the RF form of the M13 vector by digestion with ECO
R1. The insert was isolated by agarose gel electrophoresis. The insert was
labe'ied by incorporation of 3vP-dCTP, using a standard *nick translation"
procedure (Maniatis et al., 1982). The probe was then boiled to denature the
DNA, and added to the hybridization solution.

RNA-DNA hybridization: Nitrocellulose blots are prehybridized for 4 hours
at 4277n_50% formadei- x SSC-10 x Denhardt's -0.1% SDS-100 ug/ml salmon sperm
DNA. The labeled probe is added to a similar solution, except that it contains
5x SSC, and hybridization carried out for 24-72 ho rs at 420C. The blots are
then washed for 10 minutes at 600C in 2x SSC-0.1% SDS. They were the" washed for
45' at 600C In 0.2x SSC - 0.1% SDS. The blots are then exposed to X-ray film for
appropriate periods. Binding of DNA 4s quantitated on a scanning densitometer
(LKB).

Ex!pritents:

Experlment 1: The role of ACl transmission in the regulation of extrajunctional
syn~fl S1 in Y.40.

Denervation of skeletal muscle is knom to result in an increase in the
amount of WWNA for the AChR. The purpose of these experiments is to determine
whether this effect of denervation c.n be attributed to loss of ACh transmission.

In these experiments, we either a) sr ically denervated the rat solous
muscle by sciatic nerve avulsion; or b) id quanta A ranimission, using
botulinum toxin. Groups of rats were killed at intervalR of 24 hours to 12 days
later. We measured the mRNA for the a-subunit of AM*R, using either Northern
blot, or more recent!y the sensitive "slot-blot" techniques.

We first determined the time course of the change following denervation. 58
soleus muscles of female Sprague-Dawley rats were denervated by sciatic nerve
section. At time intervals from 1 to 12 days later, groups of animals were
killed and the specific mRNA in the soleus muscles was measured as described
above. Our results show that the level of mRNA for the a-subunit is just
detectable in Tnhervated muscles by Northern blot analysis and is easily seen on
slot blots. By I day post-denervation, an approximately 10-fold increase per
muscle is already apparent. The increase reaches a peak at 3 days, and then
plateaus for the remainder of the 12 day period examined (Ftg. 5).

-on"
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k'e next compared the effects of blockade of quantal A~h transmission using
botulinum toxin, with those of denervation. In two series of experiments, soleus
muscles of 50 female Sprague-Dawley rats were injected with 1.5 x 10 gm 'of Type
A botulinum toxin in 30 wjl of Ringer solution.. Fifty soleus muscles were
denervated by sciatic nerve section and avulsion. Groups of rats were killed,
and the soleus muscles were removed at intervals of 1 1/2 to 7 1/2 days later for
measurement of uRNA. Control (innervated) muscles were also removed and assayed
at the same times.

The results in the two series of experiments were closely similar. The rise
of .RNA following denervation was much more rapid than that following botulinum
toxin treatment. By 1 1/2 days after treatment, the specific ERNA had risen
more than 7-fold in the denervated muscles, and slightly less than 4-fold in the
botulinum-treated soleus muscles. The AChR-mRNA level peaked by 2 1/2 days after
denervation, and plateaued thereafter. By contrast, the specific AChR-QANA
levels in the botulinum-treated muscles consistently lagged behind those in the
devervated muscles until the 7 1,*2 day time point, when they reached nearly the
same levels (Fig. 6).

Interpretation:

These results are interpreted as follows:

DenervatiGn results in an increase of mRNA for the a-subunit of AChR,
confirming results published by other laboratories (Merlie at al., 1984; Goldman
et al., 1985).

Blockade of quantal A~h release by botulinum toxin products a denervation-
like increase in itNA for the A~h receptor (at-subunit).

This increase lags behind that produced by surgical denervatlon.
Control experiments showed that b-otulinum toxin'Is blockade of qvantal AMh

release is maximal by 3 hours, producing complete paralysis to electrical
stimulatior Our experiments were carried out so as tu inject the muscles with
BOT at least 4 hours earlier than the surgical de~srvzt1*2 fit the comarabi*
muscles; therefore, the lag in increase of WWE cannot be attributed to dslsyed
onset of ACh blockade by SOT.

Thus, the effect of botulinum toxin is similar, but not equivalent, to that
of denervation.

Since botulinium toxin blocks the quata release of ACh from motor nerve
endi nys. but does not block non-quanta lAMiIreleas, this suggests that the
nerve s regulatory effect may be mediated by both quantal and onquantal ACh

We plan to test the effects of total blockade of quantal and non-quantal ACh
transmission, using ot-BuTx.

Finally, these results demonstrate that the measurement of mRNA by the slot
blot technique is an appropriately sensitive method for detecting even moderate
changes in regulation of AChR metabolism.

Thus far, we have measured only the mRNA for the it-subunit of AChR. We have
now obtained, and are presently preparing labeled cONA-pUR-for the 0- and
delta-subunits in addition. We plan to compare the effects of denervation and
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ACh ilockade, using these probes as well, since the 0- and delta-subunit aRNAs
may reflect the neural influence differently, and perhaps more sensitively than
the a-subunit.

Experiment 2: The role of cations, messengers, and neurotransuitters in the
regulation of AChR synthesis, in vitro.

During the past year, we have begun to carry out experiments to determine
whether certain innervation-lIke treatments with cations and neurotransmitters
can down-regulate the amount of mRNA for the a-subunit of AChR.

Previous studies in our laboratory (Peltronk and Draclman, 1987) have shown
that the cations lithium, calcium and sodium, can down-regulate the expression of --

AChRs on the surface of myotubes in muscle culture. There is evidence that the
ACh analogue carbachol and the phorhol ester TPA may also down-regulate
extrajunctional AChRs, similar to the effect of innervation. Using the cDNA
probes, we are now able to examine these questions more precisely, earlier, and
at a more fundamental level (at the level of aRNA rather than insertion of a
surface protein).

Methods: Thus far, we have carried out two preliminary sets of experiments
using-•-Weiagents in muscle cultures. Rat muscle cells were grown in culture
dishes under standard conditions (controls), or wit)% the addition of 1.5 aM
lithium plus 0.1 pH AZ3187 (ionophore); 100 pN carbathol; or the phorbol ester
160 x 10-9• ..PA for 24 hours. The muscle cells were then removed from the
dishes and the mRKA for the a-subunit of ACaR measured as described above.

Control wperimerts have sham that these agents do not damage the cultured
muscl* cells, as assessed by the criteria:

1. Morphology, using phase microscopy.
2. heesurament of total pretein per cultre dish (Lowry method).
3. M•estrment of cveatnm, kinass (CX) specific for slkletal muscle.
4. Protein synthesis, as measured by Incorporation of 4t-leucine.

Results: Results of these preliminary experiments (Fig. 7) show that each
of thise three treatments causes a reduction of the specific mRNA for the a-
subunit of the AChR.

These preliminary findings add support to the concept that ACh transmission
and entry of cations Into muscle cells may serve the "neurotrophic" function of
down-regulation of synthosis of extrajunctional AChRs.

Task 7. To determine w!ether ACh transmission pla a role in maintenance of
stability of Juncfto-nal M~RS.I

We and others have previously shown that stable Junctional AChRs are
degraded slowly provided that the muscle rmains innervated. Following
denervation, aftar t lag period, the rate of degradation of pre-existing
Junctional AChRs becoms accelerated (Stanleoy and Drachman, 1981; Bevan and
Steinbach, 1983; Salpeter and Loring, 1986). This experiment is designed to
determine whether ACh transmission plays a role In maintenance of the stability
of these AChRs.

I I I II - - i-: i

dI
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Methods: Pre-existing AChRs in the flexor digitorum brevis (fo9 muscles.
of femal e wiss mice were labe'ed by bilateral i n4 ections of 0.5 pg "11-a-Bu~x.
Five days later, when only stable AChRs remained (since all the labeled RTOs h~ad
been degraded), they were eite-ra) denervfed surgically, or b) InJectq4
repeatedly with botulinuiu toxin (1.5 x 10-~ go on day 0, and 1.0 x 1O±lU gm on
days 5, 12 and 19) to block quantal ACh transmission. Groups of mice were killed
at intervals of 0 to 29 days, and the radioactivity bound to junctions; AChRs
measured by gamma counting.

Results: Thus far, we have carried out two sets of prelininary experiments:
one to raiine the time course of denervati on-accel era ced. degradation of
junctional AChRs in the FDB muscles, and the second to examine the effect of
botulinum treatment. These preliminary studies have, used 'approximatel~y 70 white
Swiss mice. The Initial findings (Fig. 8) suggest the following:

!N the FDO muscle, denervation induces accelerated degradation of stable
AChRs beginning by about day 12.

Botulinum toxin treatment (i.e. - blockade of quantal AD~ transmisslon)
induces accelerated degradation of stable AChfs in the FOB muscle.

The onset of this effect is delayed, compared to that of denervetion. It
appears to begin 20 days after initiation of botulinua treatmuntI

This suqgests that AC)I transmission plays an imprtant role in the
maintenance of stabilit o unctional A S. 0over,quna ctrmiso
appears noto accont for te entire effect of the nerve -o-n R stability.

We plan to repeat these experiments. We will use the FOB muscle as well as
another muscle In which accelerated degradation of stable AChis occurs earlier
after denervation (e.g. - the sternomastoid or the soleus). If the present
results are confirmed, we will next evaluate the effect of complete blockade of
uanalplus non-quantal A~h transmission,. using m-Bu Tx . Woiiii!Je~pate that this

s eegy s huld reproduce the exact time-coursa of the effect of denerve'tlon on
s Ibl Junctional AChRs.

Task 7a: Nobility of Junctional AChRs: Movement induced by mit~e terminal
outgrowth.

This study was undertaken to examlae another aspect of the turnover of
stable junctional AChRs: i.e. - their ability to move during nerve terminal
outgrowth. It relates directly to the influgnc--T-R transmission on turnover
of stable AChRs. -

It is well known that blockade of ACh release by botulima toxin results in
sprouting of nerve terminals (Duchen and Strltch, 1968). Nor* recently, we have
shw that the post-synaptic membrane also enlarges during this process, at shown
by comined silver-cholinesterase staining (Pestronk and Oreciums, 1978, 1985).
In this study, we have tested two hypotheses: a) that the AChE-containing area
of the junction may also enlargeg and b) that pre-euistinug stable AChft might
become mobile, and actually move within the postJunctiomal rmoMe, during the
process of nerve terminal sprouting (Yoe and Pastroink, 1967).

Methods:
gifuTflmim toxin injections: To induce sprouting, Type A botulinum toxin,

14,
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diluted in mammalian Rinir solution (1,2 x 10- 9 m in 30 pl) was injected
directly into the surgically exposed soleus rvuicles of adult female Spralue-
Dawley rats.

Immunocytochemical staining of AChRs: This method depei.ý.s on the binding of
c-BuTx to AChRs, followed by i.muiocytochemitcl staining of the a-BuTx. We
either: a) labeled the AChRs in vivo, by direct intramuscular injection of 2 pg
of a-BuTx in 30 Jl1 of Ringer iolu--Tn; or b) labeled the AChRs in vitro by
incubating cr;ostat-cut longitudinHl sections of frozen muscle w-Ttr" pg/ml a-
Buix. The remainder of the iamnocytochemical staining procedure is described
elsewhere (Yee and Pestronk, 1987), and depends on the use of a spectfic rabbit
anti-a-8uTx antibody followed by a standard PAP staining proce~a"e.

Pre-existing AChRs: To follow the movement of pre-existing stable AChRs,
the receptots were first labeled with a-BuTx In vivo as above, and treated with
botulinum toxin to induce sprouting 3 days lat-r'--en virtually all the
remaining labeled receptcrs were stable AChRs (see above, task 2).

New AChRsM To demonstrate newly inserted AChRs, we first blocked pre-
existing AChRs with m-BuTx, 6 days after treatment with botulinum toxin. One day
later, i21-a-BuTx was injected into the same muscle, to label new AChRs that had
subsequently bmm inserted.

Staining of Neuromuscular Junctions: Cholinesterase at neuromuscula-
Junctions was stained as previously described (Postronk and Drachman, 1978,
1985).

Results and Comints: TIh outstanding results of this study showed that:

The ACMR-contininM postsytiaptic membrane enlarged from a norml value of 39
± 0.8 pe in length, to 51 ± 1 M long within 7 day# after botulinum toxin
tret"nt.

Pre-existiM AChRs participated in Vth elongation,, mviag outward to.
accawiyyDi -proutlr49 nerve tgrviMnls (Fig. 9).

In ad•2ition, new ACiRs were added throughout the entire length of the
enlarged Junctions.

These findings show that inhibition of ACh transmission can result in: a)
enlargement of the AChR-containing postsynaptic membrane at the neurowscular
Junction; and b) striking movement of p.-*-existing stable AChRs.

This work provides an Independent nw line of evidence that ACh transmission
plays an important role in maintenance of the stability of junctional AChRs.
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Fig. 1 Degradation of AChRs In sternomastold musclu. The left sternomustoid
muscle was labeled by direct injection of '4P --- 8uTx. At intervals
from 3 hours to 19 days later, groups of mice were killed, and theendplate-specific radioactivity was counted. Bound radioactivity is
expressed as a percentage of the endplate counts present at zero time
(3 hr after labeling). Note initial rapid loss of radioactivity
(attributable to RTOs), followed by a steady slower rate of loss (of
stable AChRs). Inset - loss of RTOs after contribution of stable AChRs
has been subtracted. Half-life - 18.05 hrs.
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Fig. 2 Denervation prevents stabilization of junctional AMRs. Sternamstoid
S(M) muscles of mice were treated to produce neuromuscular Junctions
with enhanced populations of RTOs. The left S!Nd•uscle was denervated
on day -1, and both mascles were labeled with '1-a-BuTx on day 0.
Mice were killed at daily intervals, the radioactivity rmmining bound
to each SN muscle was counted, and the radioactivity bound to the
denervated (left) muscle was expressed as a peiventage of the
radioactivity bound to the innervated (right) muscle for each suse.
Means JE are shown. Note that there was a sigmificant deficit in
bound 1'ZI-a-6uTx (i.e. - AChRs) In the denervated muscles by 24 hours
after labeling (p < 0.002).
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Fig. 3 Cartoon i11ustraitMn working hypothesis of turnover of AChRs at
r~euromuscu lar junctions.
AM;W-Sare synthesized, assembled and inserted at the nouromuscular
junction from a singl* source, contributin to the pool of RTOs. The
W~ority of RTOs are lost through degradation. A fraction of RTOs are

modified at a result of some action of the motor nor"e, and join the
pool of stable AChRs.
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Fig.* 4 Effect Oi dmntervation and botullnw. toxin treatment om a-subunit .RNA.
Northern blot showu. hybridization of a-subunit dmA against soleus
muscle RNA. Lanes lAand 13 have 20 pg RNA We well, lanes 2A-38 have
10 pq RNA. IA: 24 hours after denervatian: 13: 24 hours after SOT
injection; 2A: 48 hours after denervation;, 28: 48 hours after OCT
injection; 3A: 96 hours after denervation; 38: 96 hoers after BOT
injection.

Note that at all time points the increase of AChR-"M Is arae o
denervatlon than for botulinu treatment. Also. hybridization reveal$
only sinale Sings or MEA
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Fig. S Tim course of the effect of denervation of a-subunit ERNA levels.
Rats wre dmenervated by avulsion of the SCIAtIC IerV@, and RNA wlextracted from the soleus mscle at the indicated times. Each pointrepresents the msen * S.D. for 8-10 muscles, Wa= was estibted fromthe wa4ured density of the autoradiograph of a Northern blot, which isProportionl to the WM of the a-subunit. Results based on the at-subunit mNA per ricrogram of total RNA, and are expressed as scnnerunits. Note the rapid rise, and subsequent plateau.
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FNg 9. Lengths of clusters of preexisting ACWRs in botilrn-trestee 4nd cao1
mIuscles.
"uPrexisting junctional AChis were labeled with a-RuTx in vivo 3 days before
treatment of soleus muscle with botulinum toxin. The musclFs were removed and
studied another 7 days later. Control muscles were labeled with a-BuTx but no0.
treated with botulinum. At least 40 AChR clusters per muscle were measured.
The histograms were drie using 436 AChR clusters from 8 botulinum-treated
muscles and 412 AChR clusters from 8 control muscles.

Note the increased population of longer junctional AChR clusters In botulinum-
treated muscles. The mean lengtho-•c-Tusters of "prexistingM junctional AChRs
was 53 t 2 IM for botulinum-treated muscles compared with 44 1 1 W for control
muscles. Thus, preexisting AChRs are redistributed during N4J elongation (see
text, Task 7a).
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